Aims. Cisplatin is a widely used chemotherapeutic. However, it is associated with numerous adverse effects. The aim of our study was examination of cisplatin interaction with Na + /K + -ATPase (NKA, the sodium pump). This enzyme is of crucial importance for all animal cells and particularly for the kidney, which is frequently damaged during chemotherapy. Methods. The entire NKA was isolated from porcine kidney. Its large cytoplasmic segment connecting transmembrane helices 4 and 5 (C45), was heterologously expressed in E.coli (wild-type or C367S mutant). The ATPase activity was evaluated according to the inorganic phosphate production and the interaction of isolated C45 with cisplatin was studied using chronopotentiometry and mass spectrometry. Results. Our experiments revealed that cisplatin can inhibit NKA. The finding that other platinum-based drugs with a low nephrotoxicity, carboplatin and oxaliplatin, did not inhibit NKA, suggested that NKA/cisplatin interaction is an important factor in cisplatin adverse effects. The inhibitory effect of cisplatin could be prevented by preincubation of the enzyme with reduced glutathione or DTT. Using chronopotentiometry and mass spectrometry, we found that cisplatin is bound to C45. However, our mutagenesis experiment did not confirm that the suggested Cys367 could be the binding site for cisplatin. Conclusion. Unintended interactions of drugs present serious limitations to treatment success. Although a large number of membrane pumps have been identified as potential targets of cisplatin, vis-a-vis nephrotoxicity, NKA inhibition seems to be of crucial importance. Experiments with isolated large cytoplasmic segment C45 revealed that it is the main target of cisplatin on NKA and that the reaction with cysteine residues plays an important role in cisplatin/NKA interactions. However, further experiments must be performed to identify the interacting amino acid residues more precisely.
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INTRODUCTION
Cisplatin (cis-diamminedichloroplatinum, CDDP) is one of the most potent chemotherapy agents used in human and veterinary medicine. It was approved for the treatment of both ovarian and testicular cancer in 1978 and it is also administered for many other types of tumors, e.g. sarcomas, small cell lung cancer and lymphomas 1 . Cisplatin utilizes copper-or organic cation transporters to overcome cellular membranes 2, 3 . In the cell, cisplatin is activated by an aquation reaction involving the exchange of the two chloride leaving groups with water or hydroxyl ligands. Intracellular fluid has approximately 13-times lower concentration of chloride than extracellular fluid, and it is under these conditions that the aquation reaction effectively proceeds 4 . After this activation, cisplatin can form bifunctional adducts (the two sites are on the same DNA strand) with preference for the N 7 -positions of adenine and guanine (>90%), the cross-links (the binding sites are located on different DNA strands) are rather rare (<2%) (ref. 5 ). Formation of these adducts and cross-links inhibits the DNA replication, thus, interfering with the cell division by mitosis. The damaged DNA elicits the DNA repair mechanisms, which in turn activate apoptosis when repair proves impossible.
Unfortunately, administration of cisplatin is associated with numerous inevitable side effects. Of these, the most clinically significant and common disadvantage is its nephrotoxicity. In addition, severe nausea, vomiting, myelosuppression, ototoxicity and neurotoxicity were reported. Earlier studies estimated that ~3 0% of human patients receiving an initial dose of 50-100 mg.m -2 of cisplatin develop acute renal failure and most patients who develop some degree of renal dysfunction never fully recover 6 . In current clinical practice, the nephrotoxicity is prevented by hydration management. However, the nephrotoxity remains the dose-limiting factor 7 . It has been reported that the other two platinum-based chemotherapeutics used in the clinical praxis, oxaliplatin and carboplatin, exhibit lower nephrotoxicity than cisplatin. However, they are effec-tive against a different spectrum of tumors and cisplatin remains as the most effective chemotherapeutic against several types of tumors (e.g. testicular cancer) (ref. 8 ). The molecular mechanism responsible for the nephrotoxicity is unknown at present but several theories have been postulated 5 . The kidneys play a major role in the homeostasis of body fluid compartments. Despite large qualitative and quantitative changes in the dietary intake of solutes and water, this organ is able to maintain the composition of the body fluids within a very narrow range. An ultrafiltrate is generated during the passage of blood into the glomeruli. The reabsorption process taking place along kidney tubules results in the daily generation of 1 to 2 L of final urine containing 1% to 5% of the filtered Na + load. This work is accomplished by successive renal tubule segments which exhibit specific functional properties and, hormonal control 9 . While the first step of cleaning that occurs in the glomeruli can be considered a relatively simple filtration, the reuptake of water, sodium and other valuable solutes (e.g. glucose) is driven by a sophisticated machinery of specific membrane transporters. Apparently, the fine control of Na + concentration is crucial in this process. First, the gradient of Na + is used by a variety of secondary active transporters, e.g. the transporters of glucose, Ca 2+ or H + and others. Second, the concentration of sodium ions is an important contribution to the osmotic potential, and the resulting osmotic gradient favors the water reabsorption 10 . In contrast to many transporters that utilize the Na + gradient and in this way reduce it, there is only one transporter that creates the gradient -the Na + /K + -ATPase (also called sodium pump, NKA). Hence, while failure of any other transporter will decrease reuptake efficiency only of some specific solute, failure of NKA will result in the failure of the whole machinery.
Successful crystallization of the NKA provided the structural basis for understanding of the enzyme function and its interaction with other molecules 11 . The catalytic α-subunit has ten transmembrane helices (M1-M10) and two longer cytoplasmic segments that are organized into three well-separated domains. The one, designated as A, is formed by the C23 (cytoplasmic segment between the M2 and M3), the other two, designated as N and P are formed by C45. The cation-binding sites are located within the transmembrane region; the cations are coordinated by the residues of M4, M5, M6 and M8.
It has been shown that the large cytoplasmic segment C45 of the α-subunit, containing both the nucleotide binding-and phosphorylation sites, can be overexpressed in E.coli and purified without the rest of the enzyme. It has also been demonstrated that this isolated C45 retains its functional properties, such as ATP-or TNP-ATP-binding, suggesting that the 3D-structure is preserved 12 . Recently, we reported that the C45 also has dynamic properties that are expected for this part of the molecule within the entire enzyme 13 . This artificial system became popular, because (i) it uncouples the enzyme/nucleotide interaction from the cation transport, which facilitates the data interpretation, and (ii) solubility of the isolated C45 greatly facilitates the experimental work.
In our experiments, we focused on the NKA interaction with platinum-based chemotherapeutics. Both the entire NKA isolated from porcine kidney as well as heterologously expressed isolated C45 were used. In the previous study 14 , it was suggested that cisplatin modifies the peptide GSHMASLEAVETLGSTSTICSDK. As the cysteines are typically the most reactive amino acids toward cisplatin 15 , we decided to test the role of the only cysteine on this peptide by a mutagenesis experiment.
MATERIAL AND METHODS

Reagents
Unless otherwise stated, all chemicals were from Sigma-Aldrich Chemie (Steinheim, Germany). Cisplatin, oxaliplatin and carboplatin were dissolved in ddH 2 O to a concentration of 1 mM. The cisplatin was activated by a 2-fold molar excess of AgNO 3 (24-h incubation), which irreversibly removes the chloride ligands as an AgCl precipitate, yielding the reactive diamminodiaqua-form. MALDI matrices were from Bruker Daltonik (Bremen, Germany).
Na
+ /K + -ATPase The Na + /K + -ATPase from porcine kidney was isolated by the modified method of Jorgensen 16 , pipetted into small aliquots, and stored in 20 mM Tris buffer, pH 7.4, containing the non-ionic detergent C 12 E 8 at -20 °C. The molar concentration of Na + /K + -ATPase was estimated from the total protein concentration, considering MW (α+ ) = 165 000 and a protein purity of more than 90%, as estimated by SDS-PAGE.
Isolated C45
The large cytoplasmic segment connecting the transmembrane helices 4 and 5 (C45 loop, residues Leu 354 -Ile 777 of the mouse brain sequence) with a (His) 6 -tag at the N-terminus was expressed in E. coli Rosetta cells (Promega, USA) and purified using a Co 2+ -based affinity resin (Clontech, USA) as described previously 13 . Immediately after elution, the protein was dialyzed into TBS buffer (20 mM Tris, 140 mM NaCl, pH 7.6) and stored at -20 °C. Protein concentration was determined using the Bradford assay 17 with BSA as a standard.
The C367S mutant of C45
The cDNA sequence containing the point mutation in codon TGC → AGC (amino acid replacement Cys367 → Ser) and restriction sites NheI and HindIII for cloning into the final vector was designed. The 1275 bp DNA was commercially synthesized and cloned using the restriction enzymes NheI and HindIII and T4 DNA ligase (NEB) into the pET28b plasmid. The construct was multiplied in DH5α Escherichia coli bacteria and isolated using the NucleoSpin Plasmid (Macherey-Nagel) kit. The sequence was verified by DNA-sequencing using the primers T7-term_Inv (TAGTTATTGCTCAGCGGTGG) and T7-prom (TAATACGACTCACTATAGGG).Heterologous expression in E. coli and purification of isolated C45 was in detail described in our previous manuscript 13 .
Na
+ /K + -ATPase activity assay Measurements of ATPase activity were performed according to ref. 18 with some modifications. This method is based on colored reaction of inorganic phosphate with ammonium molybdate, which is monitored as absorbance change at 710 nm. Experiments were performed using a microplate reader SynergyMx (BioTek).
The reaction was started by the addition of 0.27 μM NKA into a solution with 130 mM NaCl, 20 mM KCl, 4 mM MgCl 2 , 3 mM ATP and 30 mM imidazole, pH 7.2 (final volume: 50 μL). After 6 min of incubation, the reaction was stopped by the addition of 75 μL of a staining solution composed of 160 mM ascorbic acid, 3.7% (v/v) acetic acid, 3% (w/v) SDS and 0.5% ammonium molybdate. After 8 min, the staining was stopped by the addition of 125 μL of a solution composed of 0.9% (w/v) bismuth citrate, 0.9% (w/v) sodium citrate and 3.7% HCl; then OD 710 was read. A solutions of 0-25 nM KH 2 PO 4 were used as a standard.
The inhibitory effect of platinum-based drugs (10 μM) on the activity of 0.27 μM NKA was measured after 1-h incubation with these drugs at 37 ºC. For cisplatin, the same experiment was performed also with an enzyme that had been incubated overnight with 0.5 mM dithiothreitol (DTT) or 10 mM reduced glutathion.
Ouabain serves as a specific inhibitor of the Na + / K + -ATPase, and in the presence of 10 mM ouabain, the ATPase activity of untreated NKA decreased to ∼10%. This residual activity has been subtracted from the total estimated ATPase activity. Hence the data are presented as the ouabain-sensitive ATPase activity and each point is represented as the mean ± S.E.M. of five replicates.
Chronopotentiometric analysis of cisplatin interactions with C45 and its C367S mutant
The interactions of C45 or its mutant C367S (5 μM) with cisplatin were analyzed using an adsorptive transfer technique combined with constant-current chronopotentiometric stripping analysis (AdT CPSA) (ref. [19] [20] [21] ). For this purpose, hanging mercury drop electrode (HMDE) was first dipped into a 10-μL aliquot of the studied sample. After an accumulation period (30 s), the electrode was washed by deionized water and placed in an electrochemical cell containing the supporting electrolyte (0.2 M phosphate buffer, pH 7.4). All CPS measurements were performed at room temperature using μAutolab III analyzer (EcoChemie, NL) in a three-electrode setup (Ag/ AgCl/3M KCl electrode as a reference and carbon rod as an auxiliary electrode).
Mass spectrometry
Samples (∼5 mg mL -1 ) of unreacted C45 or its C367S mutant and their derivatives after overnight reaction with cisplatin (in a molar ratio of 1:20) were dissolved in 20 mM Tris-HCl, pH 7.4, containing 20 mM NaCl. The spectra were measured on a Microflex LRF20 MALDI-TOF mass spectrometer (Bruker Daltonik) using a combination of ferulic and sinapinic acids as a matrix (FA:SA, 5:15 mg mL -1 in acetonitrile/2.5% trifluoroacetic acid, 7:3, v/v). A standard dried droplet technique was used for sample preparation on an MSP AnchorChip TM 600/96 target. The instrument was calibrated externally using the Protein Standard II by Bruker Daltonik according to the manufacturer's instruction.
RESULTS
Na
+ /K + -ATPase activity We tested the influence of platinum-based drugs on the activity of full-length Na + /K + -ATPase. Both carboplatin and oxaliplatin exhibited only a negligible suppression of Na + /K + -ATPase activity even at a 40-fold molar excess (Fig. 1) , and thus they were not further examined. On the other hand, the cisplatin binding was able to completely suppress the Na + /K + -ATPase activity. The saturation was observed from a molar ratio of protein:cisplatin of 1:4 (Fig. 2) . The presence of 10 mM reduced glutathione in the reaction buffer substantially protected NKA against the inhibitory effect of cisplatin (Fig. 1) .
Electrochemical studies of cisplatin interaction with C45 loop
Cisplatin interactions with the C45 loop were studied using adsorptive transfer constant-current chronopotentiometric stripping analysis (AdT CPSA) at hanging mercury drop electrode (HMDE). In our experiments, C45 loop (5 μM) was incubated with increasing concentrations of cisplatin (1-50 μM). We monitored the peak S (around -0.7 V), which reflects the reduction of a Hg-S bond 22 that occurs between Cys residues in the protein and HMDE surface (Fig. 3A) . In the experiment with BSA which was used as a positive control, we observed that peak S can diminish in the presence of cisplatin (Fig. 3B) . The decrease is probably related to the cisplatin binding with Cys residues 23 localized on the surface of the protein, because upon cisplatin binding, the cysteine thiol group cannot form the reducible Hg-S bond.
For isolated C45, we also observed a significant peak S decrease with increasing cisplatin concentration. The complete disappearance of the peak S occurred at 10 μM cisplatin concentration, suggesting a cisplatin:C45 stoichiometry of 2:1 (Fig. 3) .
MALDI-TOF experiments
Intact mass measurements of the C45 loop using MALDI-TOF mass spectrometry provided a molecular mass value of 48 419 Da (Fig. 4A) , which is in agreement with the amino acid sequence. Upon the reaction with cisplatin, the molecular mass of the protein was shifted to a value of 50151 Da, indicating the presence of a modification (Fig. 4B) . The observed mass difference of around 1730 Da suggests the formation of multiple adducts such as C45- 24, 25 ).
Interaction of cisplatin with the C367S mutant
As the serine reactivity with cisplatin is rather low, the mutation C367S should eliminate one putative cisplatin binding site on C45. However, the peak S dependence on the cisplatin concentration was the same as for wildtype sequence C45 (Fig. 3B) and also the mass spectrometry of C367S mutant incubated with cisplatin provided a molecular mass value of 50168, which is in fact the same as that for the wild-type C45 (Fig. 4C) taking the experimental error into consideration. Hence, under given experimental conditions, the Cys367 is unlikely to be the cisplatin binding site.
DISCUSSION
Na
+ /K + -ATPase is an enzyme of crucial importance for the metabolism of all animal cells. Consequently, any impairment of its function can inevitably influence a variety of cellular processes, and it seems to be also the case for cisplatin nephrotoxicity. Kidney metabolism is very rapid and it is finely tuned to maintain the body fluid homeostasis. Our finding that Na + /K + -ATPase activity was inhibited only by nephrotoxic cisplatin, while non-nephrotoxic carboplatin and oxaliplatin did not affect the enzyme, strongly supports our hypothesis that the molecular mechanism responsible for the well-known cisplatin nephrotoxicity may reside in cisplatin binding to Na + / K + -ATPase. This idea is not new, and our data obtained with the isolated enzyme are in a good agreement with previous study performed on rat kidney homogenate 26 , which identified the Na + /K + -ATPase as cisplatin target. The enzyme activity can be protected against cisplatin inhibition by preincubation with DTT or reduced glutathione ( Fig. 1 and 2) . However, the sulfur-containing species can interact also directly with cisplatin and other biomolecules within the cell, and hence their cellular effect may be more complex. For example, it has been reported for reduced glutathione that on the one hand its interaction with cisplatin reduced the formation of cisplatin-DNA adducts 27 , on the other hand, cisplatin-glutathione complex exhibited higher toxicity toward LCC-PK 1 cell line than cisplatin alone 28 . However, other sulphur-containing molecules, such as biotin or sulfathiazole, were shown to decrease nephrotoxicity of cisplatin, at the same time preserving its anti-tumor effect under in vitro conditions 29 . The prevention of nephrotoxicity by sulphur-containing species deserves attention and it could be a promising direction for further research.
Cisplatin is a water-soluble compound that becomes activated after the penetration across the plasma membrane into the cell 4 . Hence, cisplatin interaction with the cytoplasmic part of the enzyme is presumed. Indeed, our experiments confirmed the direct interaction of cisplatin with the isolated C45 loop that constitutes the major part of Na + /K + -ATPase, which is exposed to the cytoplasm. Mass spectrometric analysis of the C45 loop revealed a molecular mass increase after incubation with cisplatin of ~1 730 Da, indicating that C45 could bind multiple molecules of cisplatin (Fig. 4) . A comparison with the determined stoichiometry of the maximum Na + /K + -ATPase activity inhibition suggests that the C45 loop contains a sufficient number of cisplatin-binding sites and that it may serve as the main target for cisplatin binding to Na
The decrease of the electrochemical peak S reveals that cisplatin binds to cysteine residues (Fig. 3) . This is in line with previous studies, where Cys residues were identified as the most reactive sites in the interaction of various proteins with cisplatin 30 . However, our mutagenesis experiment did not confirm that Cys367, which is found on the previously identified peptide GSHMASLEAVETLGSTSTICSDK (ref.
14 ), could be the cisplatin binding site, and some other residues should be tested. It has been proposed that cisplatin can interact with several other amino acids 15, 31 . Analysis of high resolution structures has revealed that particularly Met and His are very common binding partners 32 . The electrochemical experiment senses only the part of the C45 molecule, which is adsorbed onto the electrode surface. The rest of the molecule, which is not in a direct contact with the electrode, remains "invisible" in this type of experiment, and this is probably the reason why we observed only two cisplatin molecules per one C45 molecule binding stoichiometry in this type of experiment. Electrostatic surface potential maps obtained from a previously published molecular model of C45 loop revealed a large negatively charged cloud at the top of the N-domain 33 . Therefore, we presume that this part of the molecule is preferentially attracted to the positively charged HMDE surface during the AdT procedure which precedes Hg-S bond reduction (for (electro)chemical reactions of Cys with Hg-electrodes see 34 ). Among others, it also contains a segment with Cys459, Cys463 and Cys464 (human α1 sequence numbering), all of which are accessible from the solvent (Fig. 5) . The physiological significance of this enzyme segment is an issue of recent discussions. A recent work proposed that it could be the site of NKA redox regulation 35 . Moreover, it has been demonstrated that the N-domain interacts with Src kinase 36 , although the precise interaction site has not been 
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identified so far. Hence, a cisplatin binding could impair this protein-protein interaction, which would result in the modulation of the Src-mediated signal transduction pathway 37 .
CONCLUSION
Unintended interactions of drugs present serious limitations to the cure. Although a large number of membrane pumps have been identified as potential targets of cisplatin 1, 38, 39 , from the point of view of nephrotoxicity, NKA inhibition seems to be of crucial importance. Experiments with isolated large cytoplasmic segment C45 revealed that it is the main target of cisplatin on NKA and that the reaction with cysteines plays an important role in cisplatin/ NKA interactions. However, further experiments must be performed to identify the interacting amino acid residues more precisely.
